Amyloidogenesis
Amyloidogenesis is a biochemical process or related conditions in which a soluble and innocuous protein converts into insoluble and fibrillar protein aggregates known as amyloid fibrils (1, 2) . The term 'amyloid' has been spared to describe the proteinaceous deposits found in various pathological conditions (3) . In particular, amyloid fibril formation has been widely observed among various neurodegenerative disorders of which no successful treatments are yet available, including Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's chorea, and Prion disease (2, (4) (5) (6) . Amyloid fibril formation is considered to be a valid and reliable pathological signature of the neurodegenerations although the exact mechanism behind the cellular degeneration remains unknown (5) . Nevertheless, several mechanisms of toxicity have been proposed: (a) Amyloids invade the extracellular space of organs, and destroy the architecture and function of normal tissue (7, 8) ; (b) Oligomers constructed into final amyloid fibrils could exhibit toxic effects by destabilizing cellular membranes (9, 10) . Therefore, the final amyloid fibrils have been hypothesized as a non-toxic detoxification product of the toxic intermediates; (c) The incorporation of redox metals into amyloids and the subsequent generation of reactive oxygen species could affect cell viability (11) (12) (13) (14) (15) ; (d) Alternatively, the protein aggregates could trap and thus remove some trophic proteins essential for cell survival.
Natural amyloid fibrils exert their biological activities in various living systems (16) . In microorganisms, amyloid fibrils are utilized to form biofilm which is made up of curli amyloid fibers that shield enterobacteria from various antimicrobial agents (17) (18) (19) . The amyloid fibrils of class I hydrophobins proteins in fungi and chaplin in filamentous bacteria form the functional coat to facilitate the branching process of hyphae (the threads composing the fungus body) by decreasing the water surface tension at the substrate-air interface (20, 21) . Furthermore, chorion proteins found in insects and fish self-assemble into the amyloid fibril layer that protects their eggs from physical and chemical stresses (22, 23) . In the case of mammals, Pmel17 amyloid fibrils serve as templates to polymerize reactive melanin precursors during melanin biosynthesis (24) , and factor XII protein is activated by various amyloids in human hemostasis (25) .
Amyloid fibrils have an average width of 10-20 nm, in which constituting proteins are aligned perpendicular to the fibrillar axis by forming cross β-sheet conformation (26, 27 ) that affords the protein nanofibrils a mechanical strength comparable to spider silk (28, 29) . Amyloid fibrils are the products of a highly selective molecular self-assembly process that has been particularly emphasized in the area of nanotechnology (29, 30 
Representing each abbreviation in the part of native structure: U: unfolded structure, G: globular protein, RC: random coils, AH: α-helices, BS: β-sheets. nanomaterials. Amyloid fibrils of yeast prion Sup35(NM) displaying surface-accessible cysteine residues were utilized to align gold nanoparticles for the formation of solid metal nanowires with conductive properties (31) . Diphenylalanine nanotubes were also demonstrated to be a suitable scaffold for platinum-peptide composites (32) , silver nanowires (33) , and coaxial metal nanocables (34) . Au and Pd nanoparticles deposited on the fibrils of a 12 residue synthetic peptide (T1) resulted in the formation of double helical and single-chain arrays of metal nanoparticles (35) . In addition, amyloid fibril structures have been utilized for protein and enzyme immobilization. Diphenylalanine nanotubes were chemically modified with biotin for the selective decoration of avidin-labeled species (36) . Amyloid fibrils adorned with bioactive proteins were prepared with yeast prion Ure2 protein (a regulator of nitrogen catabolism) decorated with proteins such as barnase protein, carbonic anhydrase, glutathione S-transferase, and green fluorescent protein (37) . The cytochrome b units successfully attached to amyloid fibrils of the SH3 domain allowed for efficient incorporation of heme moieties into functional amyloid fibrils exhibiting long-distance electron transfer (38) . Additional effects have been also demonstrated as the fibrils were transformed into liquid crystal and hydrogel states. Nematic liquid crystal phases were obtained from the preformed amyloid fibrils of hen lysozyme (39) . For hydrogel formation, Lysβ-21 peptide (residues 41-61 of hen lysozyme protein) forms a gel whose viscoelastic properties can be controlled chemically or physically (40) . Several dipeptides has been also reported to assemble into a biocompatible and rigid hydrogel (41, 42) . Hydrogels composed of amyloids or amyloid-like fibrils can be used for enzyme entrapment, controlled drug release, three-dimensional cell culture, and eventual tissue engineering. Moreover, since current nanotechnology is being fashioned for biological and medical applications, these protein-based biomaterials should garner a great deal of attention in the area of nano-bio fusion technology. Therefore, elucidating the molecular mechanism of amyloid fibril formation could benefit not only the development of neuroprotective strategies (5), but also the application of biological nanomaterials to various areas of promising future nanobiotechnology (29, 30) . The molecular self-assembly process that underlies amyloid fibrillation, however, is not clearly understood. To shed light, therefore, we discuss mechanisms of amyloidogenesis in terms of template-dependent and template-independent processes by focusing on the one prevailing model of nucleation-dependent fibrillation and the other burgeoning hypothesis of double-concerted fibrillation model, which could explain recently recognized phenomenon of amyloid fibrillar polymorphism.
Various amyloidogenic proteins
Amyloid fibrils are derived from various proteins that are closely linked to the onset of diverse degenerative disorders, although their cause-or-effect relationship remains elusive (Table 1) . In other words, amyloid fibrils could be either a culprit for the cellular degeneration or just a mere side product of the cellular disruption process. Amyloidogenic proteins initially exist in either a 'natively unfolded' or 'naturally folded' state. For example, α-synuclein (43, 44) , an islet amyloid polypeptide (IAPP) (45) , and amyloid β-protein (Aβ) (46, 47) belong to a group of polypeptides whose structures are predominantly random. It is perhaps this unfolded state that allows the proteins to be readily self-assembled into the fibrillar suprastructures. α-Synuclein is a pathological component of Parkinson's disease in that it contributes to the formation of intracellular Lewy body and its radiating filamentous structures (48) (49) (50) (51) (52) . IAPP, also known as amylin, is a glycemic controlling peptide hormone secreted from pancreatic β-cells and its fibrillation is associated with diabetes mellitus type 2 (53). Aβ40/42, derived from the coincidental limited proteolyses of a transmembrane protein of Aβ precursor protein (APP) by β-and γ-secretases, forms the extracellular fibrillar aggregates known as senile plaques as a hallmark of Alzheimer's disease (54) . On the contrary, some amyloidogenic proteins retain their native structures before undergoing conformational transition and eventual fibril formation (55) . This group of proteins include prion (56), β2-microglobulin (β2m) (57, 58) , lysozyme (59, 60) , transthyretin (TTR) (61) , and the variable region of immunoglobulin lightchain (VL) (62) , which are responsible for mad cow disease (63), dialysis-related amyloidosis (64), hereditary systemic amyloidosis http://bmbreports.org BMB reports (65), senile systemic amyloidosis (61) and light-chain amyloidosis (62), respectively. In addition, apomyoglobin prepared by phase separation using the acid methylethylketone method (66) formed amyloid-like structures upon denaturation in 50 mM sodium borate, pH 9.0, at 65 o C, suggesting that amyloid fibril formation could be considered a generic phenomena of proteins as they experience misfolded structures (67, 68) . As a matter of fact, the amyloid fibrils obtained with the various amyloidogenic proteins/peptides end up with the common cross β-sheet conformation (26, 27) despite the proteins/peptides sharing little amino acid sequence similarity. It has been, therefore, perceived that a common mechanism of amyloidogenesis might be operated based on the generic molecular feature of the resulting fibrillar end products derived from seemingly unrelated proteins/peptides. Moreover, there has been even an optimistic suggestion that revelation of a molecular mechanism of amyloidogenesis for one particular protein in relation to its corresponding disease could be universally applied to other amyloid-related diseases, since the amyloid fibrils ought to be produced via the common mechanism. Recently, however, it starts to recognize that amyloid fibrils exist in multiple fibrillar forms by exhibiting so-called fibrillar polymorphism (69) (70) (71) . A single amyloidogenic protein results in multiple forms of amyloid fibrils depending on their induction conditions. This may indicate that amyloidogenesis occurs via multiple mechanisms (72, 73) . In this review, we introduce our amyloidogenesis model named double-concerted fibrillation as one of the mechanisms in comparison with the prevalent model of nucleationdependent fibrillation. However, template-dependent and template-independent fibrillations need to be clarified first.
Template-dependent and template-independent fibrillations
Template-dependent fibrillation requires a pre-existing template to which amyloidogenic proteins accrete by undergoing conformational adjustment in order to fit on the template with subsequent exposure of the interactive domains for molecular self-assembly (74) . The role of template could be carried out by various states of amyloidogenic proteins such as conformationally altered monomeric forms, partially assembled oligo-http://bmbreports.org meric intermediates, immature fibrils, and fibrillar fragments. The conformational transition of the accreting monomeric proteins must therefore be scrutinized in order to understand the templatedependent mechanism. Furthermore, the structural flexibility of amyloidogenic proteins may play a significant role in the template-dependent assembly process. This process could conceivably contain two consecutive steps of protein anchoring followed by induced-fit type structural adjustment on the site of template (Fig. 1A) . As proteins exist in 'natively unfolded' state or turn to partially unfolded state from their native conformation, the template interactive regions are likely to be exposed, which wait to be thermodynamically stabilized by binding to their partners of template. An alternative view to this rather simple induced-fit type explanation can also be suggested. The unstructured or partially unfolded state of amyloidogenic proteins would increase their conformational entropy as they may exist in a kinetically trapped state with relatively high free energy content. Various conformations, therefore, should occur at equilibrium for a single amyloidogenic protein (Fig. 1B) . As one of the conformers binds to the template and consequently is depleted, the conformational equilibrium shifts to replenish the depleted conformer, causing the protein bind the template in its complementary structure. This entire process could be regarded as disorder-to-order transition of the amyloidogenic proteins exerting structural flexibility. This type of template-dependent process, therefore, could be considered as template-mediated selection process toward a certain amyloidogenic conformation to form the amyloid fibrils. Regardless of whatever the role the amyloidogenic proteins play between the active and the passive fibrillar growing units during the template-dependent elongation (Fig. 1A, B) , the fibrillar growth always depends on the presence of template.
Template-dependent fibrillation is most appropriate when considering the infectivity of prion molecules. Prion protein (PrP C ) is localized on the cellular surface via glycosylphosphatidylinositol linkage, and its conformational change into another structure (PrP Sc ) is related to a group of prion diseases known as transmissible spongiform encephalopathies (TSEs). Transmissibility defines the unique nature of prion diseases. After ingestion, PrP Sc resists harsh conditions, such as low pH and digestion by proteases, and reaches the gut-associated lymphoid tissue where amplification of PrP Sc takes place (75) . Although the precise mechanism is not understood, PrP Sc once amplified is believed to invade the central nervous system through the peripheral nerves. The exogenous PrP Sc directs the conversion of PrP C into PrP Sc conformation by acting a template and thus the protein-only infection can occur.
In template-independent fibrillation, the amyloidogenic conformations should be induced in the absence of template prior to the molecular assembly process. The conformational entropy of unstructured or partially unfolded proteins should be also be taken into consideration. By assuming a self-interactive conformer present in the conformational equilibrium, the emergence of that particular conformer favors self-assembly process leading to the final amyloid fibril formation by shifting the equilibrium to replenish that depleted conformer. If the formation of the self-associative conformer is facilitated by a specific ligand interaction, then fibrillation can be further accelerated as observed in various examples of the chemical ligand-mediated accelerated fibrillation of amyloidogenic proteins (76) (77) (78) (79) (80) (81) (82) (Fig.  2A) . Such ligands could include not only small chemicals but also physiological or pathological intra/extra-cellular components, which permits the template-independent fibrillation to be physiologically or pathologically relevant process. Apart from the ligands, the enrichment of an amyloidogenic conformer without encountering any template is critical for the template-independent fibrillation to occur. In addition, if there are multiple conformers, designed to develop into various amyloid fibrils, present in the conformational equilibrium and their enrichment is also favored by a specific ligand interaction, then a single amyloidogenic protein could end up with a diverse set of amyloid fibrils with different morphologies (Fig.  2B) . The high energy state of the natively or partially unfolded amyloidogenic proteins with increased conformational entropy could allow the self-interactive conformers to be stabilized via multiple pathways into various types of amyloid fibrils especially in the presence of specific ligands. Polymorphism thus has been achieved.
Template-dependent and template-independent fibrillations could act in combination to achieve amyloid fibril formation. The initial template, often referred to as the nucleation center or seed (see below), is produced by the template-independent fibrillation process. Once the template becomes available, the fibrillar growth with sequential addition of monomers through conformational transition is directed by the template-dependent fibrillation. Now, molecular dynamics of an amyloidogenic protein experiencing either the pre-structured self-associative conformer or the template anchoring and subsequent conformational transition determines the on-going fibrillar growth patterns. Since the structure of the template determines the final morphology of the amyloid fibrils, a variety of the templates would guarantee the fibrillar polymorphism.
Nucleation-dependent fibrillation model
Nucleation-dependent and double-concerted fibrillation models are two mechanisms of amyloidogenesis that represent templatedependent and template-independent fibrillation, respectively. Nucleation-dependent fibrillation is the prevailing notion reflecting the template-dependent fibrillation. As traced with thioflavin-T binding fluorescence or turbidity of the incubation mixture of amyloidogenic proteins, normal fibrillation kinetics is divided into three phases -lag, exponential growth, and stationary phases -under supersaturated condition (83) (Fig. 3) . During the lag phase, thermodynamically unfavorable nucleus formation takes place, which requires prolonged incubation of the amyloidogenic proteins (Fig. 4A) . As soon as the nucleus (seed) is generated, monomeric proteins accrete to the tem-http://bmbreports.org BMB reports plate via undergoing conformational transition, which gives rise to the abruptly accelerated fibrillar growth phase (84-86) (Fig. 3) . As monomeric proteins are consumed to a certain level, the growth phase is decelerated to a stationary phase, where no additional fibrillar growth occurs. It is then presumed that the mature fibrils are in assembly/disassembly equilibrium between the releasing and accreting monomers on the fibrillar growth ends. The nucleus formation is a rate-determining step for the entire fibrillation process as evidenced by the addition of mature fibrils to an incubation mixture of amyloidogenic proteins, which abolished the lag phase. Although the nucleation-dependent model generally supports the observed in vitro fibrillation kinetics, there are still many unanswered questions which remain to be explored. First of all, nature of the seed formation wants to be clarified and thus it has been a target of intensive investigations. It has been suggested that an amyloidogenic conformer of a protein present in equilibrium with other conformations acts as the stable nucleus, which converts non-amyloidogenic conformations of the protein into self-assembled product of amyloid fibrils. In fact, conformational equilibrium of monomeric α-synuclein was investigated using single molecule force spectroscopy by stretching each molecule of α-synuclein and recording their mechanical properties indicative of its molecular folding states (87) . Three different conformational categories were observed, and one of which resembled the fibrillar state of α-synuclein.
The fibrillar state-like monomeric conformer was enriched in conditions which promote the fibrillation. It remains, however, to be seen that the amyloidogenic conformer actually accelerates the fibrillation kinetics. Otherwise, the self-assembly of pre-structured amyloidogenic protein can not be discriminated from the template-independent fibrillation model. Stable dimers of α-synuclein obtained at low pH of the fibrillation promoting condition were also suggested to participate in the fibrillation as a nucleation site (88) . Spatial arrangement of monomers within the dimeric species must be carefully evaluated whether the resulting dimeric structure could provide interactive domains for the accreting monomers. The 3D domain swapping model has been suggested to explain the development of protein oligomer assembly (89) . Provided there are two interacting domains separated by a hinge region within the monomeric form, there may be two ways for the protein to be self-associated, one of which is a dead-end dimer and the other is polymers derived via domain swapping. In this respect, the stable dimer supposed to act as a seed would be a simple end product without participating in the fibrillar elongation procedure. If the dimer participates in the fibrillation via the 3D domain swapping process, the acceleration phenomenon of amyloidogenesis must be demonstrated. http (104) On (103) On (116) On (101) On (117) Oligomeric species of amyloidogenic proteins have been hypothesized to play the nucleus of amyloid fibril formation (90) . Soluble oligomeric species generally appear during the lag phase and subsequently disappear just before the fibrillar elongation starts to be accelerated (52) . The fibrillation of α-synuclein became more efficient at high temperatures, in which the level of oligomeric species increases proportionally with temperature (91) . The C-terminally-truncated Sup35, a yeast prion, showed only a ＜10-fold decrease in lag phase despite a ＞500-fold increase in monomer concentration during fibrillation. This indicates that the lag phase is not directly dependent on the monomeric association, and that oligomeric conversion might be the rate-limiting step (90) . However, it remains controversial whether the oligomeric species are real on-pathway intermediates of the fibrillation pathway. We hypothesize that the initial stable seed formation appears to be thermodynamically unfavorable since the presumable oligomeric nucleus production is an entropically expensive process which needs to be overcome by an enthalpic advantage. Among those oligomers, a few would survive to accommodate accreting monomers by exposing adequate interaction domains on the template. Those oligomers failed to be matured into the fibrils would be either disintegrated back to monomers or eliminated from the fibrillation process as an off-pathway product.
For the nucleation-dependent fibrillation to be thoroughly understood, the accelerated fibrillar growth needs to be clarified, which accompanies conformational transition of monomers and subsequent attachment to the templates. Since this attachment between monomers and the growing fibrils should have thermodynamic advantage, the approaching monomers must exist in a relatively high-energy state as the 'partially' or 'natively' unfolded proteins are demonstrated to express their enhanced amyloidogenic propensity. For these structures to be available even transiently, they should exist in a kinetically-trapped state which waits for the seed formation to be stabilized into the final fibrillar structures. Partially unfolded intermediates are suggested to be immediate precursors for the self-assembly process. Formation of partially unfolded intermediates depends on various factors and conditions. The partially unfolded structures of α-synuclein were observed with low pH, high temperature (92) , various pesticides such as rotenone, dieldrin, and paraquat (93) , and polyvalent cations (94) by using circular dichroism spectroscopy and Fourier transform infrared spectroscopy. Under these conditions, α-synuclein showed more highly accelerated fibrillation, indicating that the partially unfolded structures are precursors of fibrils. At the stationary phase, however, the mature fibrils do not appear to grow any more, indicating that there would be a dynamic equilibrium for the monomeric units associating and dissociating from the ends of existing fibrils. This would result in the molecular recycling within amyloid fibrils (95) . Although the characteristic three subjects of nucleation-dependent fibrillation -seed formation, accelerated fibrillar growth, and stationary phase -have been separately examined, additional studies are required for unambiguous revelation of the mechanism of amyloidogenesis.
Oligomeric species of the amyloidogenic proteins
Oligomeric structures of various amyloidogenic proteins have been identified and characterized in terms of their involvement in cytotoxicity and participation in the fibrillation process as an on-or off-pathway species ( Table 2) . Observations of various amyloidosis-related neurodegenerative disorders, including AD, PD, and Huntington's chorea, have found that clinical manifestations precede actual formation of the fibrillar protein aggregates. Patients with the amyloid deposits sometimes do not show any neurodegenerative symptoms, indicating that amyloid fibrils do not cause diseases onset. Therefore, it has been suggested that the oligomeric intermediates are the toxic species while the amyloid fibrils are just detoxification products (9, 10) . Spheroidal oligomeric species have been morphologically defined in terms of α-synuclein since they are thought to be http://bmbreports.org BMB reports responsible for the cytotoxicity of neuronal cells observed in PD (96, 97) . It was shown that oligomeric species of α-synuclein formed so-called amyloid pores, which significantly affect the cell viability by influencing membrane stability (9, 10) . Oligomers were also laterally associated to form circularized chains which could intercalate into membranes by forming a different type of pores (98) . Oligomeric spheroid formation preceding the appearance of amyloid fibrils was augmented under the condition for accelerated fibrillation, indicating that the oligomers act as on-pathway intermediates during amyloidogenesis (99) . For Aβ42, large oligomer and protofibril formation was shown to follow the initial assembly of pentamer/hexamer units during initial oligomerization (100). Mouse prion protein potentially undergoes stepwise amyloid fibril formation, in which only β-rich oligomers not the α-rich monomers are transformed into worm-like amyloid fibrils (101) . Mediated by Cu
2+
, dimeric β2-microglobulin intermediates assemble into tetra-and hexameric forms, which in turn gives rise to amyloid fibril formation (102) . Yeast phosphoglycerate kinase (PGK) forms the critical oligomers which assemble into protofibrils via a two-step process (103) . Similar oligomeric species are also found for other amyloidogenic proteins such as albebetin protein exhibiting human interferon-like function in vitro, barstar protein inhibiting ribonuclease activity in Bacillus amyloliquefaciens, islet amyloid polypeptide (IAPP) contributing to glycemic control, κIV immunoglobulin light chain variable domain (LEN) discovered in the urine of a patient suffering multiple myeloma, SH3 domain of the α-subunit of bovine phosphatidyl-3'-kinase (PI3-SH3), and transthyretin (TTR) transporting thyroxine and retinol.
Hence, critical role of the oligomeric species isolated in the middle of fibrillation process should be acknowledged to evaluate the mechanism of amyloid fibril formation by acting as the seeds or the growing unit for the fibrillar assembly, in addition to their suggested pathological activity of causing cytotoxicity (104, 105) .
Double-concerted fibrillation model
Recently, we have proposed another mechanism for the amyloidogenesis of α-synuclein, named double-concerted fibrillation (106) , to parallel the prevailing nucleation-dependent fibrillation model (86) . Based on this double-concerted fibrillation model, the amyloid fibril formation is achieved via two consecutive, concerted associations of monomers and subsequently formed oligomeric granular species, in which the oligomeric species act as a growing unit for the fibril formation in the absence of template (106, 107) (Fig. 4B) . Structural rearrangement within the oligomeric species could be a major driving force for the suprastructures formation. Since the oligomers already contain interactive regions between constituting monomers, those interactions could be shifted from intra-oligomeric to inter-oligomeric interactions, which results in the final fibril formation. In fact, we have been successful to observe the dramatically accelerated fibril formation of the oligomeric granular species of α-synuclein by selectively distorting the oligomeic structures with shear stress and organic solvents (106, 107) . When such stresses were applied, the fibrillation starts to occur almost instantaneously, in which the monomers, on the other hand, no longer participate for the fibrillar growth process. The particulate state and pseudo-stability of the oligomeric species sensitizes those structures to the physical and chemical influences.
Involvement of the oligomeric units for the amyloid fibril formation has been also suggested for other amyloidogenic proteins based mostly on kinetic studies. The C-terminally truncated yeast prion protein Sup35(NM) was demonstrated to form the oligomers in a fluid-like state, which might act either a growing unit to the pre-existing fibrils or the nucleation center to accommodate structurally malleable oligomers or monomers (90) . PGK was shown to become protofibrils through a two-step mechanism in which monomers and subsequent critical oligomers associated among themselves (103) . Although no structural transition has been described within the oligomeric species, this two-step mechanism basically shares the common notion with our double-concerted fibrillation model in terms of the amyloid fibril formation. In addition, the amyloid fibril formation of insulin revealed helical oligomers as a fibrillar elongation unit by performing a kinetic x-ray solution scattering study (108) . Bovine κ-casein was also hypothesized to form amyloid fibrils via structural rearrangement of preformed oligomeric micellar aggregates into more organized fibrillar species (104) . As confirmed with the various amyloidogenic proteins, the double-concerted fibrillation mechanism is indeed operated as one of multiple mechanisms responsible for amyloidogenesis.
One might argue whether this mechanism is feasible under physiological or pathological conditions. Since the major driving force for the oligomers to be assembled is the subtle structural rearrangement within the pseudo-stable oligomeric species, many intra-/extra-cellular components including not only soluble entities but also insoluble structures could affect the oligomeric structures. If those two fibrillation processes of the double-concerted and the nucleation-dependent mechanisms work in cooperation in vivo, amyloid fibril formation would be more likely. The multiple pathways of amyloidogenesis and mutual cooperations also guarantee the fibrillar polymorphism in vivo. Since the real toxic causes in relation to the amyloidogenesis are still elusive at the moment, all the components found in the fibrillation process need to be carefully examined to identify therapeutic targets, which includes the oligomers acting as either the seeds or the growing units and the multiple forms of amyloid fibrils. The targets are certainly diversified.
Conclusions
As witnessed with the fibrillar polymorphism, multiple mechanisms for amyloidogenesis are expected to operate. Templatedependent and template-independent fibrillations would diversify the amyloidogenic conformers of self-associated mono-http://bmbreports.org meric proteins and the subsequent formation of nucleation centers which determine the final morphology of mature amyloid fibrils. In combination, the fibrillar polymorphism could be generated. Nucleation-dependent and double-concerted fibrillation are two specific fibrillation models differentiated on the basis of the seed formation and differences on the fibrillar growing unit between monomers and oligomeric species. These mechanisms could operate individually or/and cooperatively in vivo, which leads to the formation of diversified oligomers and amyloid fibrils. If cytotoxicity lies on the diversified components of the amyloidogenesis, the possible toxic causes would vary accordingly. Similarly, since those amyloid fibrils could be employed as protein nanofibrils, the fibrillar polymorphism would provide an opportunity to have novel materials to be used for future nanobiotechnology.
